Barium zirconate titanate Ba͑Zr 0.2 Ti 0.8 ͒O 3 ͑BZT͒ thin films on La 0.7 Sr 0.3 MnO 3 ͑LSMO͒-coated Si and Pt/ Ti/ SiO 2 / Si substrates have been prepared by pulsed laser deposition and crystallized in situ at 650°C. Four capacitor types of LSMO/BZT/LSMO/Si, Pt/BZT/LSMO/Si, Pt/ BZT/ Pt/ Si, and Pt/ BZT/ LSMO/ Pt/ Si were prepared to investigate the structural and dielectric properties, tunability, and figure of merits. Among them, the high ͑100͒-oriented BZT films were grown on the ͑100͒-textured LSMO and ͑111͒-textured Pt electrodes. The results show that the LSMO/BZT/ LSMO/Si has the highest dielectric constant of 555 and Pt/ BZT/ LSMO/ Pt/ Si has the highest tunability of 73% at 1 MHz. The high dielectric constant and tunability have been attributed to the ͑100͒ texture of the LSMO bottom layer leading to the decrease of the thickness of the interface of the dead layer.
I. INTRODUCTION
Barium strontium titanate ͑Ba, Sr͒TiO 3 ͑BST͒ thin films have currently become very attractive for applications in decoupling capacitors, storage capacitors, and dielectric field tunable elements for high frequency devices. 1, 2 The high dielectric constant and low loss make BST one of the promising candidates for dynamic random access memory ͑DRAM͒ and tunable microwave device applications. The large electrical-field-dependent dielectric constant can be used for devices such as tunable oscillators, filters, and phase shifters. In such devices, it is desirable to have a high dielectric tunability in a certain electric field range and low dielectric loss. Ba͑Zr y Ti 1−y ͒O 3 ͑BZT͒ is a possible alternative to BST in the fabrication of ceramic capacitors because Zr 4+ is chemically more stable than Ti 4+ . [3] [4] [5] [6] The nature of the ferroelectric phase transition at the Curie temperature ͑T C ͒ of BZT bulk ceramics is known to change strongly with Zr content. At higher Zr contents ͑y ϳ 0.20͒, only one phase transition exists. 3 The fabrication of BZT thin films by pulsed laser deposition ͑PLD͒, 7 rf-magnetron sputtering, 8 and sol-gel method 9, 10 and their dielectric properties have been reported recently.
Many efforts have been made to improve the dielectric properties of the BST thin film capacitors, including using conductive oxide electrodes such as ͑La 0. 7 
II. EXPERIMENT

A. Deposition of BZT/LSMO heterostructure thin films
The Ba͑Zr 0.2 Ti 0.8 ͒O 3 / ͑La 0.7 Sr 0.3 ͒MnO 3 ͑BZT/LSMO͒ heterostructure thin films were grown on Si and Pt/ Ti/ SiO 2 / Si substrates kept at 650°C by PLD using a KrF excimer pulsed laser ͑ = 248 nm͒ and BZT and LSMO targets. These BZT and LSMO targets were prepared by solgel process 16 and conventional solid state reaction, 17 respectively. The films were deposited at a laser repetition rate of 10 Hz and pulsed laser energy of 300 mJ. The base pressure of the system is 2 mTorr. The deposition times are 30-40 min for BZT films and 10 min for LSMO electrodes. And the deposition rate was 20 nm/ min. The oxygen pressure was an important parameter and was kept at 200 mTorr. Finally, the LSMO bottom electrodes were crystallized in situ at 650°C in 400 mTorr of oxygen for 10 min and cooled down slowly to room temperature and polycrystalline LSMO electrodes were fabricated. Similarly, the BZT thin films were crystallized in situ at 650°C in 400 mTorr of oxygen for 10 min and cooled down slowly to room temperature and preferentially ͑100͒-oriented BZT/LSMO heterostructure thin films were fabricated. Details of the deposition conditions are given in Ref. 18 and Table I . The a͒ thicknesses of the as-grown BZT and LSMO thin films were measured by a Tencor P-10 surface profiler ͑KLA-Tencor Corporation, USA͒ and were about 600-800 and 200 nm, respectively.
B. Measurement
The crystalline structure of the BZT/LSMO heterostructure thin films on Si and Pt/ Ti/ SiO 2 / Si substrates were analyzed by a Philips PW3710 x-ray diffractometer using Cu K␣ radiation with a Ni filter. For electrical measurements of the BZT/LSMO heterostructure thin film capacitors, top platinum ͑Pt͒ and LSMO electrodes of 0.2 mm diameter were deposited through a shadow mask onto the BZT thin films by PLD. The resistivity of the LSMO film on Si substrate at room temperature measurements using a standard four-point method was 6.4ϫ 10 −4 ⍀ cm. The four capacitor types prepared in this study were Pt/BZT/LSMO/Si, LSMO/BZT/ LSMO/Si, Pt/ BZT/ Pt/ Ti/ SiO 2 / Si, and Pt/ BZT/ LSMO/ Pt/ Ti/ SiO 2 / Si. The polarization-electric field ͑P-E͒ hysteresis loops were obtained using a TF Analyzer 2000 ͑aix-ACCT, Aachen, Germany͒ system; the input signal was sinusoidal with a frequency of 100 Hz. The dielectric properties and C-V characteristics of BZT/LSMO heterostructure thin film capacitors were measured by using an Agilent 4294 A impedance analyzer at room temperature. All measurements were performed as cycle sweeps ͑zero voltage to positive voltage back to zero voltage, zero voltage to negative voltage back to zero voltage͒ to check for any possible hysteretic behavior.
III. RESULTS AND DISCUSSION
A. Structure and the type of capacitors Figure 1 shows the x-ray diffraction ͑XRD͒ patterns of the LSMO bottom electrode and BZT/LSMO heterostructure thin film on Si substrates annealed for 10 min in oxygen atmosphere at 650 C. The XRD result also exhibits that the thin films annealed at 650°C have very strong ͑100͒ orientation. Six peaks, ͑100͒, ͑110͒, ͑111͒, ͑200͒, ͑210͒, and ͑211͒, were observed in the XRD patterns of the LSMO and BZT/ LSMO thin films. The relative peak intensities of ͚I͑h00͒ / ͚I͑hkl͒ are found to be 0.59 and 0.87, respectively, for LSMO and BZT/LSMO thin films on Si substrates, indicating a remarkably strong ͑100͒ grain orientation for LSMO and BZT/LSMO films. The high ͑100͒ orientation of BZT thin film on LSMO-coated Si substrate has been attributed to the ͑100͒ texture of the LSMO film on Si substrate. Figure 2 shows the XRD patterns of the BZT thin film on Pt/ Ti/ SiO 2 / Si substrates without and with a LSMO buffer layer and annealed for 10 min in oxygen atmosphere at 650 C. The XRD result also exhibits that the thin films annealed at 650°C have very strong ͑100͒ orientation. Six peaks, ͑100͒, ͑110͒, ͑111͒, ͑200͒, ͑210͒ and ͑211͒, were observed in the XRD patterns of the BZT/LSMO thin films. The relative peak intensities of ͚I͑h00͒ / ͚I͑hkl͒ are found to be 0.98 and 0.60, respectively, for BZT thin film on Pt/ Ti/ SiO 2 / Si substrates without and with a LSMO buffer layer, indicating a remarkably strong ͑100͒ grain orientation. Previously we have reported that ͑Pb, Ca͒TiO 3 thin films on Pt/ Ti/ SiO 2 / Si substrate crystallized with ͑100͒ axis orientation, in accordance with minimum surface energy conditions. 19 The high ͑100͒ orientation of BZT thin films on Pt-coated Si substrate is considered to be a self-textured growth, in accordance with minimum surface energy conditions. Figure 4 shows a typical polarization-electric field ͑P-E͒ hysteresis loop for the BZT films on Pt/ Ti/ SiO 2 / Si, LSMO/ Pt/ Ti/ SiO 2 / Si, and LSMO/Si substrates annealed at 650°C for 10 min in oxygen atmosphere. The remanent polarization ͑P r ͒ and the coercive electric field ͑E c ͒ obtained from the P-E hysteresis loops are 0.937 C/cm 2 and 9.4 kV/ cm, 0.471 C/cm 2 and 7.69 kV/ cm, and 4.43 ϫ 10 −3 C/cm 2 and 6.38 kV/ cm, respectively, for BZT films on Pt/ Ti/ SiO 2 / Si, LSMO/ Pt/ Ti/ SiO 2 / Si, and LSMO/Si substrates. The P r value of the BZT film on LSMO/Si substrate is much smaller than those of BZT films on Pt/ Ti/ SiO 2 / Si and LSMO/ Pt/ Ti/ SiO 2 / Si substrates. The P r and E c values both are smaller than that of BZT͑15/ 85͒ film ͑P r = 3.31 C/cm 2 , E c = 93.5 kV/ cm͒. 7 Use of the conductive oxide electrode LSMO did not enhance the ferroelectric properties of the BZT films.
B. Ferroelectric properties
C. Dielectric properties and tunability
The dc bias field dependence of dielectric constant and dielectric loss at room temperature ͑25°C͒ was measured to evaluate the tunability of the BZT/LSMO heterostructure thin film. The measurements were conducted by applying a small ac signal of 0.5 V amplitude and 1 MHz frequency while the dc field was swept from positive bias to negative bias. The potential of the BZT films to be used in voltagetunable devices depends on the ability to change the dielectric constant by means of an applied electric field. The electric field dependence of the dielectric constant ͑ r ͒ and loss tan ␦ at room temperature is shown in Fig. 5 . As expected, a slim hysteresis was observed in these characteristics, as a result of the existence of ferroelectric domains at room temperature. The dielectric constant and dissipation factor are 555 and 0.032, 476 and 0.023, 392 and 0.019, and 506 and 0.019, respectively, for the LSMO/BZT/LSMO/Si, Pt/BZT/ LSMO/Si, Pt/ BZT/ Pt/ Si, and Pt/ BZT/ LSMO/ Pt/ Si capacitors at 1 MHz and zero field. A dielectric constant ͑͒ of 121 was reported for sol-gel derived BZT͑5/95͒ films. 10 A series of values of 100, 150, and 250 has been reported for BZT͑20/ 80͒ films on Pt-coated Si substrates with various deposition temperatures prepared by sputtering. 8 An value of 452 has been reported for BZT͑10/ 90͒ thin film on Ptcoated Si substrate prepared by the PLD technique. 20 The LSMO bottom layer enhanced the dielectric properties. From Figs. 5͑c͒ and 5͑d͒, it can be seen that the dielectric loss of BZT improved for the LSMO buffer layer electrode versus the non-buffer-layer electrode stack. It is well known that conducting oxide electrodes, such as LSMO, aid in mitigation of oxygen vacancy, hence this is a possible reason for the improvement in the dielectric loss of the BZT/LSMO/Pt film.
The tunability is defined as ͓ r ͑0͒ − r ͑E͔͒ / r ͑0͒, where r ͑0͒ and r ͑E͒ are the dielectric constants measured at zero and a non-zero E field, respectively. The figure of merit ͑FOM͒ is defined as the tunability/loss. The dielectric constant, loss, tunabilities, and FOMs are shown in Fig. 5 and Table II Pt/ BZT/ LSMO/ Pt/ Si capacitor are higher than those of the Pt/ BZT/ Pt/ Si capacitor.The values are higher than those of pulsed laser deposited random-oriented BZT͑15/ 85͒ films ͑45% at 200 kV/ cm͒, 7 and higher than those of sol-gel derived BZT͑35/ 65͒ films ͑38% at 600 kV/ cm͒. 15 Padmini et al. 21 reported that when a BST film was subjected to tensile stress, a contraction occurred along the c axis leading to an enhancement of the in-plane oriented polar axis. By a converse electrostrictive effect, the in-plane tensile stress reduces the capacitance in the thickness direction of the film. 22 When higher voltages or electric fields were applied to the ͑100͒-oriented BST thin films, the in-plane orientation of the polar axis resulted in higher tunability. Hence, the tunability of ͑100͒-oriented BZT films was also of a high value. On the other hand, interfaces between the ferroelectric thin films and the electrodes affect the measured dielectric properties.
D. Influence of the interfacial layer on the dielectric properties
It has been proposed that the reduction of r in ferroelectric thin films can be explained by the existence of an interfacial "dead layer" at one or both metal electrodes with poor dielectric properties. 2, 23, 24 This may arise from the oxygen interdiffusion, chemical reaction, structural defects, or Schottky barriers at the interfaces. The relationship of the Pt/BZT/Pt capacitances of each capacitor can be expressed as
where C is the measured capacitance, C b is the bulk film capacitance, and C i is the capacitance of the interfacial dead layer. Therefore, the measured dielectric constant ͑ r ͒ is
where d, d b , and d i are the thickness of the measured film, the thickness of the BZT bulk film layer, and the thickness of the nonbulklike interfacial layer. b and i are the dielectric constant of the BZT bulk film and the dielectric constant of the nonbulklike interfacial layer. These equations have been widely used to model thickness-dependent dielectric properties. [23] [24] [25] [26] [27] From Eq. ͑2͒, the r decreased with the decrease of i value. Experimental verification has been done by Lee and Hwang 25 and Parker et al. 26 in the Pt/BST/Pt system, the decrease of r with decreasing thickness of the BST thin films is due to the existence of an interfacial dead layer in the Pt/BST interfacial surface. However, for the Pt/BZT/LSMO capacitor, the influence of the two interfaces of Pt/BZT and BZT/LSMO on the dielectric properties is actually quite different. As discussed by Vendik et al., 28 the polarization of a dielectric layer can penetrate into the oxide electrodes, meaning that the dielectric/ oxide interface can be characterized by free-boundary conditions. In other words, the influence of the ferroelectric/oxide interface can be eliminated and there would be no significant thickness dependence in an oxide/BST/oxide heterostructure. These assertions have been experimentally verified by Hwang et al. 29, 30 and Dittmann et al. 31 in the IrO 2 / BST/ IrO 2 and SrRuO 3 / BST/ SrRuO 3 structures. The decrease in the measured dielectric constant of BST thin films having Pt electrodes with decreasing dielectric film thickness was attributed to the finite charge-screening length of the metal electrode and the intrinsic dead layer of the dielectric surface. On the other hand, the almost film-thicknessindependent dielectric constant of the BST thin films with conducting oxide electrodes, IrO 2 and SrRuO 3 , was attributed to the very high capacitance values of the chargescreening layer of the oxide electrodes. The very high capacitance value appeared to originate from the strain-induced high dielectric constant of the oxide electrodes. 30 Use of the conductive oxide electrodes, such as LSMO, CaRuO 3 , LaNiO 3 , and YBCO, can decrease the thickness of the dead layer [30] [31] [32] [33] and enhance the dielectric constant and tunability, 2, [11] [12] [13] [14] [30] [31] [32] [33] so that the Pt/BZT/LSMO capacitor has higher dielectric constant and tunability, and the LSMO/ BZT/LSMO/Si capacitor have the highest dielectric constant. The very high capacitance value appeared to originate from the strain-induced high dielectric constant of the oxide electrodes.
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IV. CONCLUSIONS
In conclusion, the high ͑100͒-oriented BZT thin films were deposited on LSMO/Si and LSMO/ Pt/ Ti/ SiO 2 / Si substrates by a pulsed laser deposition method. For four capacitors of LSMO/BZT/LSMO/Si, Pt/BZT/LSMO/Si, Pt/ BZT/ Pt/ Si, and Pt/ BZT/ LSMO/ Pt/ Si, the dielectric and ferroelectric properties are measured. The LSMO/BZT/ LSMO/Si and Pt/ BZT/ Pt/ Si capacitors have the highest dielectric constant and the highest remanent polarization, respectively. The dependence of dielectric constant and tunability of the films on the electric field was investigated and the Pt/ BZT/ LSMO/ Pt/ Si capacitors have the highest tunability and figure of merit. Using conductive oxide LSMO electrode enhanced the dielectric properties of BZT films. The LSMO/BZT/LSMO capacitor has the highest dielectric constant. The high dielectric constant have been attributed to the ͑100͒ texture of the LSMO bottom layer leading to decrease of the thickness of the dead layer and attributed to the strain-induced high dielectric constant of the oxide electrodes. The BZT thin film is an attractive candidate for microwave tunable device applications.
